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Abstract 
A number of halogen (X) atoms were covalently attached to a metal (M) and the ability of the X 
atom to act as electron acceptor in a halogen bond to nucleophile NCH was assessed.  Both Cl 
and Br were considered as halogen atom, with NH3 and CO as other ligands attached to the 
metal.  Metals tested were Ti, Mn, and Zn in various combinations of oxidation state, 
coordination, and overall charge.  In the majority of cases, the strong electron-releasing power of 
the metal imbues the halogen atom with a high negative partial charge and minimizes the 
development of a σ-hole.  As such, the M atom is generally a stronger attractor for the incoming 
nucleophile than is the halogen.  Nonetheless, there are cases where a halogen bond can form 
such as Ti(CO)4Br
+, TiCl3
+, and MnCl4
+, each with a different coordination.  A requisite of 
halogen bond formation is generally an overall positive charge, although neutral species can 
engage in such bonds, albeit much weaker. 
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INTRODUCTION 
The idea that the bridging hydrogen atom of a H-bond can be replaced by any of a number of 
much more electronegative atoms has spawned a great deal of study in recent years.  Probably 
the first of these noncovalent bonds to receive recognition was the halogen bond (XB) 1-9 where 
H is replaced by Cl, Br, or I (F is a reluctant participant in such bonds).  The intuitive 
counterargument that such an electronegative atom ought to repel the nucleophilic partner was 
dispelled by careful study of the electron distribution around the X atom.  The density suffers 
from a certain degree of polar flattening, which in turn depletes the density in the region along 
the R-X covalent bond 10-14.    The resulting area of positive electrostatic potential has gained the 
sobriquet of a σ-hole, which can attract an anion or any other nucleophile.  The XB is not 
dependent solely on this electrostatic attraction, but also benefits from polarization/charge 
transfer and dispersion contributions 15-18. 
This sort of phenomenon is not limited to halogen atoms; replacement of X by atoms from 
the chalcogen 19-27, pnicogen 28-39, and tetrel 40-55 families of elements can lead to very similar 
noncovalent bonds, which are generally named after the particular type of atom, e.g. tetrel bonds.  
These ideas have even been extended to the aerogen, or inert gas, family of atoms, which 56-59 
can also develop positive regions of electrostatic potential in certain bonding situations. 
In light of the above factors, the strength of a given halogen bond ought to depend in large 
part on the intensity of the σ-hole, i.e. the depletion of density opposite the R substituent.  It 
follows logically that a more electron-withdrawing R group should produce a more intense σ-
hole and thereby a stronger RX··Nuc halogen bond.  This expectation has indeed been 
confirmed, not only for XBs, but for their chalcogen, pnicogen, and tetrel bond cousins as well.  
The greater electron withdrawal from X by the R substituent also alters the energy and spatial 
distribution of the σ*(RX) antibonding orbital which is the recipient of charge that is transferred 
from the nucleophile in such a way as to strengthen the XB.  A second major issue is the 
electronegativity and polarizability of the halogen atom.  As this atom is enlarged, the lower 
electronegativity and higher polarizability in the F < Cl < Br < I sequence is reflected in growing 
strength of the associated RX··Nuc halogen bonds. 
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Halogen bonds have been found to be widespread in nature, occurring in inorganic, organic, 
biological, and pharmaceutical agents alike 60-68.  As such, there is a wide spectrum of atom or 
group to which the halogen is covalently attached in such bonds.  The bulk of study of halogen 
bonds has focused on C-X systems wherein the halogen is covalently attached to a C atom, 
which is in turn part of a larger organic system.  But this has by no means been a strict limitation, 
as there are numerous examinations of halogens bonded to other atoms as well. 
One of the more common bonding situations of a halogen atom, particularly in inorganic and 
crystal environments, is attached as a ligand to a metal atom.  A metal atom M by its nature is 
typically electron-releasing, which would tend to amplify any partial negative charge on a 
halogen atom bonded to it.  Not surprisingly then, halogen atoms attached to metals have been 
shown to be capable of acting as electron donors in XBs 26, 69-71.  And in a converse situation, 
there are instances found in the literature wherein a metal atom can serve as a nucleophile in a 
halogen bond 72-77. 
But the central question under scrutiny here is whether a halogen attached to a metal atom 
can act as electron acceptor.  The release of electrons by the metal ought to inhibit the 
development of any σ-hole opposite the M-X bond, which in turn would argue against the 
formation of a M-X···Nuc halogen bond.  However, halogen bonds opposite electron-releasing 
groups are not uncommon, the methyl or other alkyl groups being prime examples.  Even the 
electronegative F atom, with its low polarizability, can form halogen bonds under certain 
conditions, despite the absence of a σ-hole. 
Given the widespread occurrence of M-X covalent bonds in nature, particularly in the realm 
of coordination chemistry, it seems important to probe the possibility that systems of this type 
might participate in halogen bonds.  Which metals might be candidates for such bonds, and in 
combination with which halogen atoms?  Are there particular oxidation states of the metals 
which are especially prone to engage in halogen bonds?  Would such bonds be most favorable in 
certain coordinations or geometries surrounding the central metal atom?  Does the possibility of 
a halogen bond vanish when the coordination complex has a particular overall charge?  And in 
those cases where a halogen bond is feasible, how strong might it be, and what factors would 
control its strength?  It is the goal of the present work to investigate these questions using 
modern quantum chemical methods. 
 
4 
 
SYSTEMS AND METHODS 
A range of different sorts of systems were examined here.  As central metal atoms, Ti was 
chosen, along with Mn and Zn.  Ti was considered in both its +2 and +4 oxidation states, along 
with Mn+5 and Zn+2, providing a range of different electron configuration, charges, and metal 
types.  NH3 and CO were both considered as neutral ligands, with varying numbers of each.  
Halogen atoms tested were both the commonly occurring Cl and its larger Br analogue.  The 
differing numbers of ligands lead to a wide range of geometries, varying from linear and trigonal 
up to tetrahedral, pyramidal, bipyramidal, and octahedral.  NCH was chosen as the common 
nucleophile which might engage in a XB with the halogen atom of the Lewis acid.  Its small size 
and linear shape minimized complications of secondary interactions with the other ligands. 
Quantum calculations were carried out via the Gaussian 09 suite of programs 78.  The M06-
2X DFT functional was used in conjunction with the aug-cc-pVDZ basis set 79, 80.  Interaction 
energies were computed as the difference in energy between the full complex, and its two 
components in the geometries they adopt within the complex, corrected for basis set 
superposition error by the standard counterpoise 81 protocol.  The properties of the bond critical 
point between halogen and nucleophile were assessed via the AIMALL program 82.  The 
molecular electrostatic potential surrounding the Lewis acid molecules was illustrated via the 
Chemcraft program 83, and maxima on the ρ=0.001 au isodensity surface were located and 
quantified by the Multiwfn program 84. 
RESULTS 
1. NH3 Ligands 
One Cl- and a varying number of neutral NH3 ligands were added to a central Ti
+2 and the 
resulting complex fully optimized.  As each Ti(NH3)nCl
+1 entity bears a positive charge, it ought 
to attract a nucleophile, and potentially engage in a halogen bond through its Cl atom.  The 
resulting structures of these monomers are illustrated in Fig 1, along with their molecular 
electrostatic potential (MEP).  It must first be understood that the potential surrounding each of 
these cations is positive in all directions.  The blue and red regions indicate respectively the most 
and least positive regions.  It is immediately clear that the Cl atom on the right of each molecule 
is surrounded by a barely positive potential, indicated by the red surface.  More specifically, 
there is no σ-hole along the extension of the Ti-Cl covalent bond that would have signaled its 
presence by a blue area.  And indeed, a search of the MEP on the ρ=0.001 au isodensity surface 
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reveals no such σ-hole associated with the Cl atom for any of these monomers.  The maxima on 
this surface are denoted Vs,max and their values are listed in Table 1.  There are quite a number of 
such maxima but they can be categorized as being associated with the central Ti atom, or with 
some other atom or group, but not in the T-Cl σ-hole area. 
Given the absence of a σ-hole for any of these Ti(NH3)nCl+1 monocations, it is no surprise 
that a base is not drawn toward the Cl so as to form a halogen bond.  When the NCH model base 
was initially placed in such a position, along the extension of the Ti-Cl bond axis, it moved to 
other positions as the structure was optimized.  As reported in the last column of Table 1, for n=2 
and 5, the NCH molecule formed NH···N H-bonds with the NH3 ligands.  In the cases of n=3 and 
4, the NCH formed a Ti-N covalent bond with the Ti as an additional ligand. 
2. CO Ligands 
As an alternative to the NH3 ligand, CO has several advantages.  In the first place, CO is less 
electron-donating, so might aid in the buildup of a positively charged region near the Cl so as to 
attract a nucleophile.  As a second advantage, the lack of H atoms on the CO ligand avoids the 
presence of positively charged NH groups that pull the nucleophile in toward a H-bond, and thus 
away from the desired halogen bond. 
A series of systems were thus designed with a central Ti, but with varying numbers of CO 
ligands and halogen atoms, either Cl or Br.   The first of these tested combines Ti+2 with 4 CO 
and one Cl-, with an overall charge of +1.  The MEP around the Cl in Fig 2a is fully red, so does 
not seem to suggest a σ-hole.  The most positive (bluest) areas instead lie in the vicinity of the 
Ti, removed from the various ligands.  These indications are confirmed by the first row of Table 
2 which finds the largest Vs,max near the Ti atom.  Its large magnitude of more than 230 kcal/mol 
is partly a reflection of the overall positive charge of the entire complex.  Placement of a NCH 
base along the extension of the Ti-Cl bond does not optimize to a halogen bond, but instead the 
base is pulled toward the very blue area near the Ti and eventually forms a covalent bond with 
Ti. 
Replacing the Cl by the less electronegative and more polarizable Br is known to enhance 
halogen bonding, and this system provides another example of this tendency.  The potential 
around the Br atom in Fig 2b is red, but a bit more positive than in the Cl analogue.  Analysis of 
the MEP finds a maximum along the extension of the Ti-Br bond, albeit much less intense than 
those surrounding the Ti atom.  Nonetheless, the σ-hole along the Ti-Br extension is sufficiently 
6 
 
intense to generate a TiBr··N halogen bond.  As reported in the second row of Table 2, the 
R(Br··N) distance is 3.288 Å and the interaction energy is -4.75 kcal/mol.  The presence of this 
XB is further confirmed by AIM analysis which finds a bond critical point with a density of 
0.0084 au.  As mentioned above this particular σ-hole is less intense than those surrounding the 
Ti atom.  Indeed, placement of the NCH opposite the Br allows it to insinuate itself as a sixth 
ligand with a covalent Ti-N bond, 35 kcal/mol more stable than when engaging in a halogen 
bond with the Br.  Or if the optimization is begun with the NCH lying in a face formed by the Br 
and two of the CO ligands, it forms a noncovalent Ti··N bond that is more stable than the 
halogen bond by some 6 kcal/mol. 
By adding a second Br-, the resulting Ti(CO)4Br2 species has no net charge.  While there 
does exist a maximum in the MEP along an extension of each Ti-Br bond, Vs,max has a slightly 
negative value of -8 kcal/mol.  There are also more intense maxima that are associated with the 
central Ti atom, as large as +25 kcal/mol.  Consequently, the loss of overall positive charge 
removes the minimum on the potential energy surface that would correspond to a XB.  On the 
other hand, addition of a second halogen atom can also be effected in such a way as to increase 
the overall charge to +2.  However, doing so affects the region around this halogen atom less 
than it does in the vicinity of the central Ti.  As seen in Table 2 and Fig 2, there is in fact no 
maximum in the MEP that corresponds to the halogen atom in either Ti(CO)4Cl2
+2 or 
Ti(CO)4Br2
+2, whereas Vs,max near the Ti is boosted up to more than 230 kcal/mol.  
Consequently, and NCH molecule initially placed along the extension of either Ti-Cl or Ti-Br 
swings around so as to form a covalent bond with Ti as a seventh ligand. 
Another route might involve exchanging one of the CO ligands of Ti(CO)4Cl2
+2 for a Cl-, 
yielding the Ti(CO)3Cl3
+1 species.  This substitution does not produce a σ-hole around any of the 
Cl ligands, but rather pulls a NCH in toward the Ti again as a seventh ligand.  Another such 
exchange to Ti(CO)2Cl4
0 leaves a neutral species, but one in which there is present a MEP local 
maximum near the Cl, even if the value of Vs,max is slightly negative.  This very weak σ-hole 
allows for the presence of a TiCl···N configuration but the pair are very weakly bound with a 
slightly positive interaction energy.  Replacing the four Cl atoms of Ti(CO)2Cl4 with Br changes 
the situation very little.  Again, there is a very small Vs,max near the Br, and the complex is barely 
bound at all by a Br-bond. 
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In summary, the only species able to engage in a halogen bond of any strength is 
Ti(CO)4Br
+1.  It is also only this complex which contains a σ-hole that is sufficiently intense to 
attract a base like NCH.  The Cl atom of Ti(CO)4Cl
+1 is too electronegative for this purpose, 
even if there are three such Cl atoms present as in Ti(CO)3Cl3
+1.  Raising the overall charge to +2 
erases the halogen σ-hole in favor of a much more positive region near the central Ti which 
draws in the base, and eliminates the possibility of a halogen bond.  On the other hand, if the 
overall charge is neutral, any σ-hole that might appear near the halogen is so weak that a XB is 
absent for all intents and purposes. 
Since the d2 electron configuration of Ti+2 could be comparable in energy to s2, parallel 
calculations were also carried out for the triplet states of several of these systems.  The results in 
the last four rows of Table 2 can be compared to the corresponding singlet data in the earlier 
rows.  The change from singlet to triplet reduces Vs,max in the vicinity of the Ti atom of 
Ti(CO)4Cl
+1.  Even though there remains no formal σ-hole corresponding to the Cl atom, the 
NCH is able to find its way to this atom, forming a halogen bond with R(Cl··N)=3.357 Å, and 
with an interaction energy of -3.3 kcal/mol.  The same singlet→triplet change in the Br analogue 
eliminates the Br σ-hole, while not altering that around the Ti.  Nonetheless, a halogen bond is 
formed in the triplet as well as the singlet states.  If a second Br is added, the triplet data is very 
similar to singlet, and in neither case is a halogen bond formed.  Likewise, there is no substantive 
change introduced into the Ti(CO)4Cl2
+2 system on going from a singlet to a triplet state. 
3. MCln 
Another window into the possibility of M-X halogen bonds can be viewed via a series of 
species, with both a variable number of halogen ligands and overall charge, and with an 
assortment of difference central metal atoms.  The systems of interest were generated by starting 
with a metal in a given oxidation state, e.g. Ti+2.  To this was added a progressively increasing 
number of Cl- ligands, each time decreasing the overall charge by one.  Examples are provided 
by the topmost section of Table 3 which displays both n and overall charge Q for (Ti+2Cl-n)
Q.  
For n=2 the charges balance and the overall charge is 0, while a charge of -1 occurs if n=3, and 
so on. 
After optimization of each such entity, the MEP was examined for its maxima, the values of 
which are listed as Vs,max in the succeeding columns of Table 3.  The maximum along the Ti-Cl 
extension is equal to -7.7 kcal/mol for neutral TiCl2
0, much smaller than the value of +29.9 
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kcal/mol for MEP maxima that lie close to the Ti, confirming the diagram in Fig 3a.  The 
negative value of the Cl Vs,max leads to a halogen bond but a very weak one.  The R(Cl··N) 
distance is longer than 4 Å, and the interaction energy is positive when counterpoise corrections 
are introduced.  The electron density at the bond critical point is quite low at 0.0011 au, also 
signaling a very weak interaction.  The introduction of a third and fourth Cl- lends a negative 
value to all Vs,max, both those near Cl and Ti, as reported in the ensuing rows of Table 3, and as 
illustrated in Figs 3b and 3c.  In neither case do these negative potentials lead to formation of a 
XB, even a weak one. 
The likelihood of a XB can be enhanced if the overall charge is made more positive.  Ti+4 
was therefore substituted for Ti+2, leading to the data contained in the following rows of Table 3.  
With two Cl- added to Ti+4, the complex has an overall charge of +2, and the values of Vs,max are 
large and positive.  But Vs,max is far more positive around the central Ti than along the T-Cl 
extension so any possible XB collapses to a covalent Ti-N bond wherein the NCH acts as a 
fourth ligand.  
It might be noted that the diagram of the MEP in Fig 3d seems to contradict the data in Table 
3 in that the bluest (most positive) areas lie along the Ti-Cl axis.  This paradox rests on the 
formulation of the two sets of data.  The surface used to show the MEP in Fig 3, as well as the 
others, is one which lies at 1.5 x the vdW radius of the various atoms, a distance chosen to best 
represent what an approaching nucleophile will experience as it approaches the molecule.  This 
surface extends some 1.9 Å from the Cl along the Ti-Cl extension, and 3.8 Å from the Ti atom.  
The values of Vs,max are evaluated on an isodensity surface (ρ=0.001 au) of the complex.  This 
local maximum occurs 1.9 Å from the Cl atom, very nearly the same as 1.5 x its vdW radius.  
However, the Vs,max point associated with the Ti is only 1.4 Å from the Ti, very much closer than 
1.5 x its vdW radius.  This much closer proximity, penetrating further beneath the electron cloud 
that shields a test point from the Ti nuclear charge, ramps up the positive value of Vs,max, leading 
to its amplified value in Table 3.  In the case of TiCl2
+2, it is the comparative values of Vs,max in 
Table 3 that better predict the collapse of a putative halogen bond into a Ti-N covalent bond. 
Addition of a third Cl- yields the monocationic TiCl3
+.  Although the MEP diagram in Fig 3e 
suggests an enhanced positive region in the Ti-Cl σ-hole region, analysis of the ρ=0.001 au 
surface reveals no maximum.  Notwithstanding the absence of a Vs,max, TiCl3
+ ion does indeed 
engage in a halogen bond with NCH.  And indeed this bond is a fairly strong one: the interaction 
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energy is nearly 8 kcal/mol, supported by a short R(ClꞏꞏN) distance of 3.00 Å and a density equal 
to 0.0118 at the bond critical point.  So in the case of this species, the pictorial version of the 
MEP at 1.5 x the vdW radius offers a better predictive tool than does the ρ=0.001 au isodensity 
surface. 
Adding a fourth chloride reduces the total charge to 0.  There are maxima on the ρ=0.001 au 
isodensity surface both in the TiCl σ-hole positions as well as closer to the central Ti.  The 
values of Vs,max are larger for the latter, in contrast to the MEP diagram in Fig 3f which would 
suggest the opposite order.  In any case, a halogen bond does form with NCH, albeit a very weak 
one with an interaction energy of less than 1 kcal/mol, and a R(Cl··N) distance of 3.4 Å.  Adding 
more chlorides to the central species changes it into an overall anion.  Although maxima occur 
on the surface along the TiCl axis, as evident in Table 3 and Figs 3g and 3h, they are negative in 
sign, unable to attract a nucleophile, and no XB forms. 
The +5 oxidation state of Mn provides a different sort of central metal atom.  Like Ti+2 it is 
predicted to have a 3d2 ground state configuration, but with a much higher total charge.  With 4, 
5, or 6 Cl- added to the Mn+5, the MEPs in Fig 4a through 4c all suggest the presence of a Cl σ-
hole that could serve as the basis of a XB to NCH.  The presence of such a hole is borne out by 
the search for maxima on the isodensity surface, as reported by the values of Vs,max in Table 3.  
And these quantities are comparable in magnitude to those associated with the central Mn atom, 
despite the fact that the latter lie much closer to the pertinent atom than do the former.  And 
indeed, both the cation and the neutral do engage in halogen bonds.  The former is particularly 
strong, with an interaction energy of -10 kcal/mol, and with a close R(Cl··N) contact distance of 
2.8 Å.  This bond remains reasonably strong even for the neutral MnCl5, with an interaction 
energy of nearly -3 kcal/mol.  The addition of a sixth Cl-, however, with its ensuing overall 
negative charge, and the negative value of the Cl Vs,max, removes the possibility of a XB.  It 
might be thought that the replacement of the Cl ligands by Br ought to enhance the chance to 
form a XB.  Indeed, there is a bit of a reduction of the negative charge of the Br σ-hole in MnBr6-
, as seen in Table 3, although this change is a minor one as witness comparison of Fig 4c with 
4d.  But again a XB fails to form. 
As a point of contrast, the d10 configuration of Zn+2 was taken as another central metal atom.  
As indicated in Fig 5a through 5c, the presence of 2, 3 and 4 Cl- ligands seems to enhance the 
strength of a Cl σ-hole, at least in comparison to the remainder of each moiety.  Table 3 verifies 
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the presence of the corresponding Cl Vs,max, but this quantity of course grows more negative 
along with the overall charge of the species.  These quantities are more negative than those MEP 
maxima close to the Zn atom for n=2 and 3, but less so for n=4, fully verifying the trends in Fig 
4.  But it is only for the neutral ZnCl2 that a XB occurs, albeit a marginal one, with a positive 
interaction energy and with the NCH 3.7 Å from the Cl.  The density at the bond critical point is 
only 0.003 au, consonant with a weak noncovalent bond. 
It is tempting to again consider whether replacing the Cl ligands by heavier halogen atoms 
might enable an anion to engage in a halogen bond.  The MEP of ZnBr3
- and ZnI3
- are illustrated 
in Fig 5d and 5e, respectively.  Comparison with that of ZnCl3
- suggests a progressively deeper 
σ-hole, a finding which is confirmed by the 8 kcal/mol less negative entry for ZnBr3- in Table 3, 
and another 9 kcal/mol increment for ZnI3
-.  Nonetheless, neither anion is able to form a XB: the 
overall negative charge of ZnBr3
- repels the NCH molecule, while the latter rotates around to 
engage in a bifurcated H-bond with two of the I atoms of ZnI3
-.  
As in the earlier systems detailed in Table 2, several of the Ti+2 systems were examined in 
their triplet states as well.  The increase of multiplicity has very little effect on either TiCl2 or 
TiCl4
-2: the former engages in a very weak halogen bond while the latter does not.   
As a test as to whether relativistic effects might influence the results, the complex between 
TiCl3
+1 and NCH was considered with a LANL2DZ effective core potential 85 added to the Ti 
basis set.  This potential was designed to incorporate mass–velocity and Darwin relativistic 
effects.  This addition had essentially no effect on the interaction energy of the complex, 
changing it from -7.55 to -7.60 kcal/mol. 
SUMMARY AND DISCUSSION 
In general, the strong electron-releasing tendency of metal atoms makes them a highly 
effective competitor as an electron-accepting site as compared to a halogen atom bonded to the 
metal atom in question.  With only few exceptions, the electrostatic potential surrounding the 
entire complex, of central metal surrounded by ligands, has its most positive regions at sites near 
the metal.  In those cases where a σ-hole is present at all in the vicinity of the halogen atom, it is 
much less intense than the positive areas near the central metal atom.  The same may be said of 
any OH or NH groups that occur on the ligands.  The positive potentials surrounding the H atoms 
of, e.g. OH2 or NH3 ligands, are more intense than any halogen σ-hole.  Consequently, an 
incoming base will form H-bonds with ligands such as these rather than a halogen bond.  
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Another situation which mitigates against formation of a XB is the presence of a negative charge 
on the complex, as in TiCl3
- or MnCl6
- for example.  This overall charge will oppose the 
approach of the negative end of the dipole of an approaching nucleophile. 
 For these reasons, the formation of a XB to a M-X linkage is unlikely under most 
circumstances.  There were cases noted here where such a bond can form.  Even though the base 
avoids the halogen in Ti(CO)4Cl
+ in favor of a covalent bond with Ti, the replacement of the Cl 
by Br does engender a TiBr··N halogen bond of substantial strength, amounting to nearly 5 
kcal/mol.  Another example is the TiCl3
+ monocation which engages in an even stronger TiCl··N 
halogen bond of 7.5 kcal/mol, eclipsed by the 10.0 kcal/mol halogen bond of MnCl4
+.  With 
respect to halogen bonding involving a neutral Lewis acid, the strongest of those involved MnCl5 
with an interaction energy of 2.6 kcal/mol. 
Analysis of the electrostatic potential surrounding the putative halogen bond donor offers 
only moderate assistance in the prediction of the presence of a XB.  For example, there is no 
maximum on the isodensity surface surrounding TiCl3
+, despite the 7.5 kcal/mol interaction 
energy of its ultimate XB.  Also, a negative value of the maximum of the potential at the σ-hole 
site does not necessarily rule out the appearance of a XB, as occurs for TiCl2, ZnCl2, or 
Ti(CO)2Cl4.  Another issue has to do with the means of examining the electrostatic potential.  A 
search for maxima on a given isodensity surface is not always consistent with a visual 
examination on a surface corresponding to vdW radii of the composite atoms: one may indicate 
maxima that the other does not. 
Most of the results discussed here involved Cl as halogen atom, as this is the most frequent 
halogen ligand.  However, there is a common consensus, verified by some of the calculations 
here, that halogen bonds are strengthened as this halogen atom becomes heavier; viz. Cl < Br < I.  
Moreover, the lower electronegativity of the heavier atoms will tend to reduce the positive 
charge on the central M atom.  Taking these two trends together, it may be presumed that such 
substitutions will enhance the observation of a halogen bond for M-Br and even more so for M-I.  
Another issue has to do with the base.  NCH was chosen as the universal base here for several 
reasons, including its small size and linearity that would minimize secondary interactions.  
However, a stronger base might be better able to engage in halogen bonds that are not observed 
here for NCH.  On the other hand, strengthening the base might also add to its attraction for the 
metal atom, so might not provide a competitive advantage to the XB.  A larger and more bulky 
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base, e.g. NMe3 or pyridine, might not be able to easily approach the central M and might thus 
settle for the halogen as a second choice for interaction site. 
As mentioned above, negatively charged complexes repel the base too strongly to engage in a 
meaningful halogen bond.  However, there are other factors that might mitigate this repulsion.  A 
crystal environment might serve as a sort of cage, forcing the two species to lie in proximity to 
one another, thus facilitating formation of an interaction.  The many other species present in a 
crystal or solvated environment would also create an overall polarizable dielectric effect, 
partially screening any electrostatic repulsions between the two species of interest.  Indeed, there 
are works in the literature 86-88 that demonstrate that such dielectric phenomena work to allow 
otherwise forbidden H-bonds between entities of like charge, so similar effects can be anticipated 
for halogen bonds as well. 
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Table 1.  Values of Vs,max for Ti(NH3)nCl
+1 monocations and result of optimization after placing 
NCH in vicinity of Cl. 
Ti(NH3)nCl
+1 Vs,max, kcal/mol result 
n  Ti other  
2 208.3 138.0 NH··N HB 
3 138.4 139.8 Ti-N bond 
4 176.9 129.5 Ti-N bond 
5 123.8 112.7 NH··N HB 
 
 
Table 2.  Values of Vs,max for indicated species and result of optimization after placing NCH in 
vicinity of Cl. 
 Vs,max, kcal/mol R, Å ∆E, kcal/mol ρBCP, au 
singlet X Ti    
Ti(CO)4Cl
+1 - 235.6 Ti-N   
Ti(CO)4Br
+1 70.3 235.3 3.288 -4.75 0.0084 
Ti(CO)4Br2
0 -7.9 25.3 a   
Ti(CO)4Cl2
+2 - 238.1 Ti-N   
Ti(CO)4Br2
+2 - 231.9 Ti-N   
Ti(CO)3Cl3
+1 - 136.8 Ti-N   
Ti(CO)2Cl4
0 -4.7 30.7 3.650 +0.11 0.0034 
Ti(CO)2Br4
0 0.2 29.5 3.625 -0.10 0.0045 
triplet  
Ti(CO)4Cl
+1 - 131.7 3.357 -3.32 0.0062 
Ti(CO)4Br
+1 - 235.4 3.408 -3.22 0.0068 
Ti(CO)4Br2
0 -16.6 36.4 a   
Ti(CO)4Cl2
+2 - 228.2 Ti-N   
ano minimum found 
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Table 3.  Values of Vs,max for MCln
Q and result of optimization after placing NCH in vicinity of 
Cl.    
  Vs,max, kcal/mol R, Å ∆E, kcal/mol ρBCP, au 
n Q Cl M    
Ti+2 
2 0 -7.7 +29.9 4.239 +0.29 0.0011 
3 -1 -87.2 -92.1 a   
4 -2 -161.7 -174.7 a   
triplet  
2 0 -0.4 +46.2 4.239 +0.42 0.0011 
4 -2 -160.8 -152.1 a   
Ti+4 
2 +2 206.5 467.1 b   
3 +1 none 333.4 3.003 -7.55 0.0118 
4 0 5.5 22.7 3.405 -0.47 0.0055 
5 -1 -74.7 -84.4 a   
6 -2 -151.9 - a   
Mn+5 
4 +1 105.6 126.6 2.786 -9.98 0.0180 
5 0 15.5 17.6 3.053 -2.64 0.0104 
6 -1 -67.1 - a   
6 Br -1 -59.1 - a   
Zn+2 
2 0 -3.8 48.5 3.687 +0.28 0.0031 
3 -1 -89.7 -55.0 b   
3 Br -1 -81.6 -53.5 a   
3 I -1 -72.4 -52.8 c   
4 -2 -161.8 -182.8 a   
ano minimum found 
bforms covalent M-N bond 
cbifurcated CH··I H-bond 
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Fig 1. Molecular electrostatic potential (MEP) surrounding Ti(NH3)nCl
+1.  Surface corresponds 
to 1.5 x vdW atomic radius.  Blue and red regions refer to most positive and negative 
regions, respectively. 
 
 
19 
 
 
Fig 2. MEP surrounding indicated system.  Blue and red regions refer to most and least positive 
regions, respectively. 
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Fig 3. MEP surrounding TiCln systems.  Blue and red regions refer to most and least positive 
regions, respectively, or to least and most negative, depending upon overall charge. 
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Fig 4. MEP surrounding MnXn systems.  Blue and red regions refer to most and least positive 
regions, respectively, or to least and most negative, depending upon overall charge. 
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Fig 5. MEP surrounding ZnXn systems.  Blue and red regions refer to most and least positive 
regions, respectively, or to least and most negative, depending upon overall charge. 
 
 
 
